An obligately anaerobic bacterial strain designated KC3
In irrigated rice fields, the supply of oxygen from the atmosphere to the soil is obstructed by water covering the soil surface; thus, organic substances in the bulk soil such as those derived from plant debris are mineralized anaerobically to methane by various anaerobic prokaryotes. In addition to root exudates and soil organic matter, rice straw remaining on the soil after harvest or incorporated to improve soil fertility can serve as a major organic source and contribute to methane emission from rice fields (Schütz et al., 1989; Watanabe et al., 1993) . Rice straw is composed mainly of cellulose (32-37 %), hemicelluloses (29-37 %) and lignin (10-15 %) (Tsutsuki & Ponnamperuma, 1987; Watanabe et al., 1993; She et al., 2012) . In anaerobic rice paddy soil, rice straw is decomposed cooperatively to methane by fermenting bacteria, fatty acid-consuming hydrogen-producing bacteria (syntrophic bacteria) and methanogenic archaea, with transient accumulation of acetate, propionate, butyrate, isobutyrate, valerate, isovalerate and caproate (Glissmann & Conrad, 2000) . Based on a culture-independent approach, Weber et al. (2001) demonstrated that rice straw in anaerobic rice paddy soil was colonized mainly by clostridial species belonging to rRNA clusters I, III and XIVa. However, Sugano et al. (2005) reported that CFB group bacteria (members of the phylum Bacteroidetes) and alphaproteobacteria predominated in the bacterial community on rice straw in anaerobic rice paddy soil and that clostridia were minor in the community. A recent metagenomic approach using pyrosequencing revealed that members of the Bacteroidetes and the Alphaproteobacteria were both dominant in rice soil bacterial communities, while members of the phylum Firmicutes, to which clostridial species belong, were minor components (Zhao et al., 2014) . The aim of this study was to characterize a strain of the genus Clostridium that could be associated with anaerobic rice straw degradation. We report a taxonomically novel clostridial strain isolated from an anaerobic rice strawdegrading culture that originated from soil of a Japanese rice field.
The Hungate technique (Hungate, 1969) was used for all anaerobic procedures, which were performed under a stream of oxygen-free N 2 . The basal medium for the rice straw-degrading culture was prepared according to Guo et al. (2010) with modifications: cysteine was used as a reducing agent and the sterilization time was reduced from 20 to 15 min. The medium (per 100 ml in a 125 ml serum bottle) consisted of 0.5 g Polypepton (Nihon Pharmaceutical), 0.1 g yeast extract (Oxoid), 0.2 g CaCO 3 , 0.5 g NaCl, 0.035 g MgSO 4 . 7H 2 O, 0.1 g K 2 HPO 4 , 0.5 g rice straw (cut into pieces of approximately 1 cm) and 0.05 g cysteine hydrochloride. The medium was sterilized by autoclaving (121 u C, 15 min). Soil sampling was performed before flooding of a rice field at the Kanagi Farm of the Faculty of Agriculture and Life Science of Hirosaki University on 25 April 2011. Soil from 10 cm below the upper surface was collected and stored at 4 u C before use. Anaerobic rice straw decomposition was initiated by inoculation with approximately 1 g soil into the medium. The culture bottle was incubated without shaking at 30 u C. The rice straw fractions in the culture lost their original form within 60 days of incubation, and transient accumulation of acetate and butyrate was detected. Several bacteria affiliated with the genera Clostridium, Acetanaerobacterium, Anaerobacter, Acetivibrio and Anaerofilum grew dominantly in the culture, as determined by PCR-DGGE analysis (data not shown). Anaerobic bacterial strains were isolated from the culture using the Hungate roll-tube method (Hungate, 1969) using basal medium modified to contain cellobiose (1 g per 100 ml; modified basal medium) instead of rice straw. Of 20 isolates, one strain, designated KC3 T , was selected for further taxonomic study as a representative of a potential novel taxon. Unless otherwise stated, modified basal medium was used for cultivation of strain KC3 T .
Microscopy was performed using a phase-contrast microscope (Olympus BX50). Gram staining was performed using a Favor G Nissui kit (Nissui Pharmaceutical). Catalase activity was assayed by suspending cells in ID Colour Catalase (bioMérieux). Oxidase activity was assayed using oxidase identification sticks (Oxoid). These tests were carried out using mid-exponential-phase cells. The growth temperature range was determined by assessing growth at 4, 15, 20, 25, 30, 35, 37, 40, 45, 50, 55 and 60 uC. NaCl tolerance was determined in modified basal medium containing 0-5 % NaCl, in increments of 0.5 %. The pH range for growth was determined in the range pH 4.5-8.0, in increments of 0.5 pH units; the pH of the medium was adjusted after autoclaving of the modified basal medium that lacked CaCO 3 and that contained either 10 mM MES (for pH 4.5-7.0) or 10 mM HEPES (for pH 7.0-8.0). Growth was tested on the following substrates: D-and Larabinose, D-ribose, D-xylose, D-galactose, D-glucose, Dfructose, D-mannose, cellobiose, lactose, maltose, melibiose, sucrose, trehalose, D-ribitol, myo-inositol, D-mannitol, Dsorbitol, aesculin, salicin, inulin, starch, soluble starch, boric acid-treated cellulose, CM-cellulose, microcrystalline cellulose (Avicel), filter paper (quantitative filter paper no. 6; Advantec), xylan and rice straw. Growth was estimated visually and by determining the OD 600 with a spectrophotometer (UV-mini 1240; Shimadzu) after 14 days of incubation. Sulfate reduction, nitrate reduction, gelatin liquefaction and casein hydrolysis tests were performed as described by Holdeman et al. (1977) . Additional biochemical properties were determined using a Rapid ID 32 A kit (bioMérieux) according to the manufacturer's instructions.
Genomic DNA was extracted using a Bactozol kit (Molecular Research Center) and purified with a NucleoSpin Genomic DNA Clean-up kit (Macherey-Nagel) according to the manufacturers' instructions. The DNA G+C content was determined by HPLC using a Yamasa GC kit (Yamasa) according to the manufacturer's instructions. For cellular fatty acid profiling, 4-day-old cultures (in the late exponential phase) were harvested by centrifugation, washed twice with water and lyophilized. Samples were prepared for gas chromatography of cellular fatty acids as described previously by Miller (1982) . Fatty acids were identified with the Sherlock Microbial Identification System (MIDI) using the MOORE6 anaerobic bacteria database.
The nearly full-length 16S rRNA gene sequence of strain KC3
T was amplified using ExTaq DNA polymerase (TaKaRa) and primers 27f (59-AGAGTTTGATCCTGGC-TCAG-39) and 1541r (59-AAGGAGGTGATCCAGCCGCA-39). PCR conditions were as follows: denaturation at 95 u C for 3 min; 35 cycles of 95 u C for 15 s, 55 u C for 15 s and 72 uC for 90 s; and a final extension step of 72 uC for 10 min. The amplified products were purified using a FastGene Gel/PCR Extraction kit (Nippon Genetics) and sequenced directly by dye terminator cycle sequencing on an ABI 3500 Genetic Analyzer (Applied Biosystems). The determined sequence (1458 nt) was deposited in the GenBank/EMBL/DDBJ databases under accession number AB904755. To reconstruct phylogenetic trees, the 16S rRNA gene sequences of close relatives were obtained by BLAST searching against the EzTaxon database (http:// eztaxon-e.ezbiocloud.net/). Furthermore, 16S rRNA gene sequences of some type strains of members of the family Clostridiaceae outside the genus Clostridium sensu stricto were retrieved from the GenBank/EMBL/DDBJ databases. Phylogenetic analysis was conducted using the freely available MEGA5 program (Tamura et al., 2011) . Sequence alignment was performed using the MUSCLE program (Edgar, 2004) with manual editing of the results. Phylogenetic trees were reconstructed using the neighbour-joining (NJ) (Saitou & Nei, 1987) and maximum-likelihood (ML) (Felsenstein, 1981) methods. For the NJ tree, evolutionary distances were calculated based on Kimura's two-parameter model (Kimura, 1980) while, for the ML tree, evolutionary distances were calculated based on Kimura's two-parameter model combined with the gamma distribution with invariant sites (G+I) model (Gu et al., 1995) . Bootstrap analysis was performed with 1000 resamplings to evaluate the tree topologies.
For sequence comparisons of DNA gyrase A and the ATP synthase beta subunit sequences, partial regions of these genes (gyrA and atpD) were amplified by PCR. Degenerate primers were designed in order to amplify regions including signature sites (a 4 aa indel for DNA gyrase A and a 1 aa indel for ATP synthase beta subunit; Gupta & Gao, 2009 ) based on highly conserved regions of the DNA gyrase A and ATP synthase beta subunit of firmicutes as follows: for gyrA, 59-AAYATHCCNCCNCA-39 (sense primer) and 59-GCYTGDATNCCYTTNCC-39 (antisense primer); for atpD, 59-TTYGGNGGNGCNGGNGT-39 (sense primer) and 59-TCRTCNGCNGGNACRTA-39 (antisense primer). PCR amplifications were carried out under the same conditions as the 16S rRNA gene amplification except that the annealing temperatures were 40 u C for gyrA and 50 u C for atpD. Sequencing was carried out as described above and the sequences determined (gyrA, 759 nt; atpD, 416 nt) were deposited in GenBank/EMBL/DDBJ. Amino acid sequence comparisons to known sequences of related taxa were carried out as described by Gupta & Gao (2009) . Phylogenetic analysis based on the DNA gyrase A sequence was performed as described above. The Poisson correction model (Zuckerkandl & Pauling, 1965) and the JonesTaylor-Thornton model (Jones et al., 1992) were used to reconstruct NJ and ML trees, respectively.
Organic acids were determined by HPLC using an Organic Acid Analysis System (Shimadzu) with an ion-exclusion column (Shim-pack SCR-101H; Shimadzu GLC). Ethanol was quantified on a GC (Shimadzu GC2014) equipped with a flame-ionization detector using a Thermon 1000 column. Gases were determined on a GC (Shimadzu GC8A) equipped with a thermal conductivity detector using a WG-100 column (GL Science). Cellobiose was quantified using the anthrone/sulfuric acid method.
Strain KC3
T was isolated from an anaerobic rice strawdegrading culture that originated from rice-field soil. The colonies that formed on roll tubes after 14 days of incubation were white, slightly translucent, circular, convex and 0.8-1.0 mm in diameter with entire margins. Cells of strain KC3
T were Gram-stain-positive rods (straight or slightly curved), 0.8-1 mm wide and 4-25 mm long, occurring as single cells or occasionally in pairs (Fig. S1 , available in the online Supplementary Material). Ellipsoidal endospores formed at a terminal position in elongated cells (12-25 mm, mean 15 mm). Spore formation in elongated cells has also been observed for some species of the genus Clostridium, including Clostridium kluyveri and C. sartagoforme (Wiegel et al., 2006) . The spores were tolerant to heat treatment at 95 u C for 10 min and retained the ability to germinate after a prolonged incubation of more than 1 year in modified basal medium at 30 u C. An unidentified whitish glue-like material, which gave the culture viscidity, was produced in the late exponential growth phase. It was possible to disperse this material by vigorous agitation with a vortex mixer and thus it did not interfere with the growth estimations in this study. The temperature range for growth was 20-50 u C, with an optimum at 37 u C. The pH range for growth was pH 5.0-7.5, with an optimum at pH 6.0 (slightly acidophilic). NaCl concentrations up to 4.5 % were tolerated, while optimal growth occurred in the absence of NaCl. These results are summarized in Table 1 .
T was able to utilize the following carbohydrates as growth substrates: D-and L-arabinose, D-xylose, Dglucose, D-fructose, D-mannose, cellobiose, maltose, lactose, melibiose, sucrose, trehalose, aesculin, salicin, inulin, soluble starch, xylan and rice straw. The following substrates were not utilized: D-ribose, D-galactose, D-ribitol, D-mannitol, myo-inositol, D-sorbitol, starch, boric acidtreated cellulose, CM-cellulose, microcrystalline cellulose (Avicel) and filter paper. The best growth occurred on soluble starch, followed by cellobiose and melibiose. The fermentation products from cellobiose after 14 days of incubation were (mmol per 100 mmol cellobiose fermented): lactate (129.5), butyrate (95.1), acetate (50.7), formate (8.6) and H 2 (92.6). CO 2 was also produced at a concentration at least two times lower than the H 2 concentration (data not shown, as the CaCO 3 in the culture medium was an additional source of CO 2 ). No solvents, such as ethanol, butanol or acetone, were detected in the culture. When grown in modified basal medium without CaCO 3 , growth of strain KC3
T ceased before the cellobiose was consumed. This was due to a decrease in pH to below the lower limit for growth (pH 5.0) caused by the organic acids produced in the culture; the fermentation products in the culture were (mmol per 100 mmol cellobiose fermented): lactate (59.0), butyrate (76.1), acetate (44.7), formate (10.3), CO 2 (38.2) and H 2 (95.2). The yield of lactate was less than that of butyrate, in contrast with the pH-stabilized culture containing CaCO 3 , in which the pH was maintained above 6.0. This finding suggests that the fermentation pattern of strain KC3
T can shift in response to changes in pH, consistent with previously reported data regarding organic acid fermentation by some anaerobic bacteria including strains of Clostridium (Montville et al., 1985; Goodwin & Zeikus, 1987; Silva & Yang, 1995; Zhu & Yang, 2004) . Additional biochemical properties of strain KC3
T and the Rapid ID 32A test results are shown in the species description.
T contained the following cellular fatty acids at quantities ¢1.0 %: C 14 : 0 (31.7 %), C 16 : 0 (27.0 %), C 19 : 0 cyclo 11,12 dimethylacetal (DMA) (13.2 %), C 16 : 0 DMA (7.9 %), C 18 : 1 v7c DMA (5.7 %), C 19 cyclo 11,12 (4.7 %), C 16 : 1 v5c (1.6 %) C 18 : 1 v7c/unknown 17.834 (1.2 %) and C 17 : 0 cyclopropane (1.0 %). The DNA G+C content of strain KC3 T was 37.5 mol%.
Phylogenetic analysis using 16S rRNA gene sequences revealed that strain KC3 T shared relatively low sequence similarity (,93 %) with type strains of the genus Clostridium sensu stricto (rRNA cluster I T , the type strain of the type species of the genus Clostridium, was 91.8 %. As shown in the NJ tree (Fig. 1) , strain KC3
T fell into the cluster of the genus Clostridium and shared a branching node with Clostridium cellulovorans 743B T ; this result was also reproduced in the ML tree (Fig. S2) . However, the branching was not reliable because of the low bootstrap scores (,50 %) at the corresponding nodes in both trees. Formerly, bacterial strains that met only four criteria, i.e. strictly anaerobic growth, endospore formation, Grampositive-type cell wall and the inability to carry out dissimilatory sulfate reduction, were classified in the genus Clostridium. However, based on these four criteria, the genus Clostridium was composed of an extremely heterogeneous group of at least 20 independent bacterial lineages, as determined by 16S rRNA gene sequence analysis (Collins et al., 1994) . Currently, only members of Clostridium rRNA cluster I are considered species of Clostridium sensu stricto (Rainey et al., 2009) . Hence, strain KC3
T should be classified as belonging to the genus Clostridium sensu stricto. To confirm this, the phylogenetic affiliation of strain KC3
T to members of the genus Clostridium sensu stricto was also evaluated by examining protein signatures of DNA gyrase A and the ATP synthase beta subunit, a 4 aa insert in DNA gyrase A and a 1 aa deletion in the ATP synthase beta subunit, both specific to members of the genus Clostridium sensu stricto as identified by Gupta & Gao (2009) . Members of the genus Clostridium sensu stricto commonly have two DNA gyrase A homologues, one containing the 4 aa insert and the other lacking the insert (Gupta & Gao, 2009 ). Strain KC3
T was found to have DNA gyrase A corresponding to the insert-lacking homologue (Fig. 2) , like other clostridia that have only the insertlacking homologue (not true members of Clostridium), although there are some exceptions, such as Proteiniclasticum ruminis, which has the same two homologue types as members of the genus Clostridium sensu stricto (Fig. 2) . As genome analysis of strain KC3 T has not yet been conducted, it is currently unclear whether the strain has the insert-containing DNA gyrase A homologue. The ATP synthase beta subunit (H + -translocating type) of strain KC3
T was found to contain the 1 aa deletion known for members of the genus Clostridium sensu stricto (Fig.  S3 ). These sequence analyses suggested a close relationship between strain KC3
T and members of the genus Clostridium sensu stricto. To examine whether strain KC3
T could be placed phylogenetically within the genus Clostridium sensu stricto, phylogenetic analysis was performed using the deduced DNA gyrase A sequence [199 aa corresponding to amino acids 191-443 of DNA gyrase A from Clostridium botulinum (GenBank (Duda et al., 1987) ; 4, C. cellulovorans (Sleat et al., 1984) ; 5, C. saccharobutylicum (unless indicated, data from Keis et al., 2001 accession no. EKN41975)]. The highest sequence similarity for DNA gyrase A of strain KC3 T was obtained with that of Clostridium lundense (WP_027626042; 84 % identity and 94 % similarity), a species of the genus Clostridium sensu stricto. An NJ phylogenetic tree reconstructed on the basis of deduced DNA gyrase A sequences is shown in Fig. 3 and shows that strain KC3
T is positioned in the clade of some members of the genus Clostridium sensu stricto and forms a cluster with Clostridium acetobutylicum with 59 % bootstrap support. The tree also shows the distant relationships of strain KC3
T to other members of the family Clostridiaceae apart from the genus Clostridium sensu stricto. The ML tree supported the phylogenetic placement of strain KC3 T in the lineage of some members the genus Clostridium sensu stricto and the formation of a cluster by strain KC3
T and Clostridium acetobutylicum with 61 % bootstrap support (Fig. S4) . Accordingly, we consider strain KC3
T to be affiliated with the genus Clostridium sensu stricto. The 16S rRNA gene sequence similarity (,93 %) between strain KC3
T and type strains of the genus Clostridium was much lower than the generally accepted criterion for species delineation (97 %; Stackebrandt & Goebel, 1994) ; thus, the strain can be 
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Clostridium oryzae KC3 T (AB904755) assigned to a novel taxon without additional comparative studies using the type strains of close relatives. Besides the phylogenetic characteristics, several features differentiate strain KC3
T from C. fallax and other relatives, as shown in Table 1 . For example, compared with its close relatives, strain KC3
T has a somewhat high DNA G+C content and a low optimal pH for growth. The abundant production of hydrogen by strain KC3
T is consistent with a number of type strains of the genus Clostridium including that of C. fallax (Rainey et al., 2009) . However, unlike most members of the genus Clostridium, strain KC3
T cannot use cellulosic polymers (Rainey et al., 2009) ; thus, strain KC3 T probably acts as a degrader of easily decomposable plant-derived polymers (xylan, inulin, etc.) and their monomers in rice straw-degrading cultures and in its habitat (anaerobic rice soil). A search of GenBank/EMBL/DDBJ using the BLAST program revealed that the databases contain no environmental 16S rRNA gene clones with high similarity (.97 %) to strain KC3 T . However, clones PROM30-16S2 (GenBank accession no. JQ362800) and BSV86 (AJ229230) showed relatively high sequence similarity to KC3 T (96.7 and 92.8 %, respectively); the former was taken from the organic fraction of municipal solid waste (Bru et al., 2012) and the latter from anoxic rice paddy soil (Hengstmann et al., 1999) . Hence, the habitat of the taxon (species rank) represented by strain KC3
T is restricted to its specific isolation source.
The results presented here indicate that strain KC3
T represents a novel species within the genus Clostridium, for which the name Clostridium oryzae sp. nov. is proposed.
Description of Clostridium oryzae sp. nov.
Clostridium oryzae (o.ry9zae. L. fem. gen. n. oryzae of rice).
Cells stain Gram-positive and are ellipsoidal, sporeforming rods (straight or slightly curved), 0.8-1 mm wide and 4-25 mm long and non-motile and occur singly or occasionally in pairs. Endospores are formed at a terminal end of cells that are elongated to 12-25 mm (mean 15 mm). Colonies formed on roll tubes after 14 days of incubation are white, slightly translucent, circular, convex, 0.8-1.0 mm in diameter with entire margins. Catalase-and oxidase-negative. Gelatin liquefaction and casein hydrolysis are negative. Sulfate and nitrate are not reduced. The temperature range for growth is 20-50 u C, with an optimum at 37 u C. The pH range for growth is pH 5.0-7.5, with an optimum at pH 6.0. Tolerates NaCl concentrations up to 4.5 %, with optimal growth in the absence of NaCl. glycine arylamidase, histidine arylamidase and serine arylamidase and fermentation of raffinose and negative for activities of urease, arginine dihydrolase, b-galactosidase, a-glucosidase, 6-phospho-b-galactosidase, b-glucuronidase, N-acetyl-b-glucosaminidase, glutamic acid decarboxylase, afucosidase, alkaline phosphatase, proline arylamidase, phenylalanine arylamidase, leucine arylamidase, pyroglutamic acid arylamidase, alanine arylamidase and glutamyl glutamic acid arylamidase, fermentation of mannose, reduction of nitrate and indole production. Contains C 14 : 0 , C 16 : 0 and C 19 : 0 cyclo 11,12 DMA as major cellular fatty acids.
The type strain, KC3
T (5DSM 28571 T 5NBRC 110163 T ), was isolated from soil of a rice field in Japan. The DNA G+C content of the type strain is 37.5 mol%.
